directed the efforts of research workers to correlate leaf anatomy with CO2 fixation cycles (9, 18). Species which utilize the C4-cycle possess chloroplast-containing bundle sheath cells while species which only utilize the pentose cycle of photosynthesis do not.
collected on nylon nets. Percentage of purity derived from cell counts and yield data on a chlorophyll basis are given.
The internal leaf cell morphology is presented in scanning electron micrographs and compared with light micrographs of fully-differentiated D. sanguinalis leaves. In leaves of plants which possess the C4-dicarboxylic acid cycle of photosynthesis, the relationship of leaf morphology to photosynthesis in mesophyll and bundle sheath cells is considered, and the hypothesis is presented that as atmospheric CO2 enters a leaf about 8;% is fixed by the C4-dicarboxylic acid cycle in the mesophyll cells and 10 to 15% is fixed by the reductive pentose phosphate cycle in the bundle sheath cells.
A technique also is given for the isolation of mesophyll cells from spinach leaves.
Recent investigations on green plant photosynthetic CO2 assimilation by the C4-Cycle3 (15, 21, 27, 28) have focused research attention upon the leaf anatomy of plants which utilize the C4-cycle. For over eight decades it has been known that specific plant species have definite leaf cells, e.g., bundle sheath cells, which contain chloroplasts whereas similar cells in other species 1 This research was supported in part by National Science Foundation Grant GB 7772. 2 Recipient of a postdoctoral research fellowship from the United States Public Health Service.
3Abbreviations: C4-cycle: C4-dicarboxylic acid cycle; chl: chlorophyll; PEP: phosphoenolpyruvate; pentose cycle: reductive pentose phosphate cycle; PGA: 3-phosphoglyceric acid; RuDP: ribulose-l, 5-diphosphate. in the same genera do not contain chloroplasts (14) . Haberlandt describes two species of Cyperus, one with colorless and one with green bundle sheath cells (14) . However, this research was not widely utilized, except in studies on grass systematics, until the CO2 fixation work of M. D. Hatch and C. R. Slack (15, 27) directed the efforts of research workers to correlate leaf anatomy with CO2 fixation cycles (9, 18) . Species which utilize the C4-cycle possess chloroplast-containing bundle sheath cells while species which only utilize the pentose cycle of photosynthesis do not.
In the early enzyme studies of Hatch and Slack (15, 18, 27 ) both PEP-carboxylase and RuDP-carboxylase were detected in crude leaf extracts of C4-cycle plants. The level of RuDP-carboxylase was only about one-tenth the rate of leaf photosynthesis; thus the pentose cycle was not given a major role in photosynthetic CO2 fixation in these plants. However, recent data on the level of RuDP-carboxylase indicated that these early studies were in error and the pentose cycle may play a major role in photosynthesis in C4-cycle plants (3, 4, 10) . Since the anatomical studies indicated that two types of photosynthetic cells were present in the same leaf and the biochemical studies indicated that two carboxylases were present, we reasoned that in order to characterize leaf photosynthesis in C4-cycle plants one must examine the metabolism of each cell type. Recently, we presented some biochemical studies with Digitaria sanguinalis on the isolated photosynthetic cell types, demonstrating that each cell type has a characteristic metabolism (10) . This manuscript presents a technique for separating mesophyll cells, bundle sheath strands, and bundle sheath cells from fully differentiated leaves of D. sanguinalis. Microscopic evidence for separation is presented and further data on the internal leaf anatomy of C4-cycle plants is presented.
Since a large body of literature is available on various aspects of spinach metabolism, particularly photosynthesis, we also developed a technique for isolating mesophyll cells from spinach leaves which we utilize as being typical of cells containing the pentose cycle of photosynthesis.
MATERIALS AND METHODS
Digitaria sanguinalis (L.) Scop. (crabgrass) was germinated and grown in a greenhouse in soil from fields infested with crabgrass. Sunlight was supplemented with 150 watt projector flood lamps to give 5,000 to 6,000 ft-c of light and to provide a daylength of 16 Fig. 3 ). 4 The nylon net used was Nitex Nylon Monofilament Bolting Cloth purchased from Tobler, Ernst, and Traber, Inc., 71 3. Fractions were postfixed overnight in 1 %0S04 at 4 C. 4 . Fractions were rinsed twice in distilled water. 5. Fractions were suspended in distilled water and placed on an aluminum rivet with a capillary pipet. 6 . The rivet was submerged in liquid nitrogen and inserted into a large copper block which had been in liquid nitrogen for at least 15 min.
7. The preparations were vacuum dried for 10 hr at 5 X 10-5 torr. After evaporation the preparations adhere firmly to the rivet.
8. The preparations were coated with gold by the method of Bernstein and Jones (2). 9 . Preparations on the rivets were observed and photographed at an angle of 450 in the scanning electron microscope (Cambridge-Stereoscan).
Electron Microscopy. In collaboration with Dr. H. H. Mollenhauer we have studied the isolated cell types with the electron microscope employing the previously described procedures (5) .
These data will be presented in a later manuscript on a detailed study of the anatomy of leaves from C4-cycle plants.
RESULTS
D. sanguinalis has two distinct types of photosynthetic cells, which are the bundle sheath cells and the mesophyll cells (5) . Previous research has established that this plant possesses the C4-cycle (7, 10 In preliminary studies, we surveyed leaves from a number of plants to determine the ease of cell release by various types of grinding and enzymatic digestion. We discovered that whole cells could be isolated from crabgrass leaves simply by mashing the leaves in a mortar and pestle. Thus we concentrated upon crabgrass and developed the isolation techniques given in Figure 1 for mesophyll cells and bundle sheath strands and in Figure 2 for bundle sheath cells. Although good preparations of mesophyll cells can be obtained with leaves 3 to 8 weeks of age, the least contaminated preparations of bundle sheath strands and bundle sheath cells have been obtained with leaves from old plants which are in the flowering stage. Basically, the isolation technique involves application of mechanical force to release cells from the tissue and then a separation of cell types by filtration ( Figure 3 ) based on cell size and shape. Figure 4 , A and B, are micrographs of typical light microscope fields of an isolated mesophyll cell and a bundle sheath cell preparation respectively. In Figure 4A a contaminating bundle sheath cell is indicated by the arrow and in Figure 4B contaminating mesophyll cells are indicated by the arrows. In Table I cell counts are presented for several preparations of each cell type to illustrate the purity of each preparation. In learning the isolation technique, each fraction can be examined with the light microscope at frequent intervals during cell preparation for such factors as efficiency of cell release, cell breakage, and contamination. Figure  4C is a light micrograph which illustrates the general features of each cell type which are observed in a light microscope, and Figure 4D illustrates a preparation of isolated bundle sheath strands. Bundle sheath strands are easily recognized in a light microscope. The distinguishing features of mesophyll cells in the light microscope are: a tendency for the chloroplasts to be scattered in each cell; cells generally have rounded edges; and the cells often have a rounded or egg-shaped appearance. The distinguishing features of bundle sheath cells in the light microscope are: chloroplasts are packed into the cells, often seeming to fill the cell completely; cells have angular edges; and the cells appear to be shaped as rectangles, cylinders, or squares. Figure 4, A gently tease complete vascular tissue sections out of crabgrass leaves and obtain scanning electron micrographs of the internal leaf morphology of crabgrass (Fig. 6D) . In this three dimensional view the vascular tissue is tightly surrounded by bundle sheath cells, and the bundle sheath cells are surrounded in loose circles by mesophyll cells. A comparison of the scanning electron micrograph ( Fig. 6D) with the light micrograph (Fig. 6C) cally to be over 93 % intact and essentially free from other contaminating whole cells (Table I) Figure 1 for further specifications of materials used.
2The Falcon filter unit is used with the 20 mesh and 35 mesh screen and the Plexiglas filter unit is used with the 30-jA nylon net (See Fig. 1,   footnote 3 ). 3 The preparation contains single mesophyll cells as well as some cells which are still joined together. photosynthetic, light minus dark, so the contamination of bundle sheath cell preparations by broken cells or vascular tissues is not considered a serious problem. Bundle sheath strands are used in most photosynthetic studies instead of isolating bundle sheath cells. The yields of each preparation are given in Table II (22, 26, 31) .
Mechanical techniques for homogenizing leaves to isolate mesophyll cells also have been reported (1, 13, 24) . Racusen and Aronoff isolated a homogenous mesophyll cell preparation from soybean leaves by homogenizing leaves with a test tube homogenizer, filtering through bolting silk, and separating the cells by low speed centrifugation (24 (4, 18) in crude leaf extracts of C4-cycle plants.
The bundle sheath cells may also fix atmospheric CO2 via the pentose cycle since there is an active RuDP-carboxylase in the enzyme extract from isolated bundle sheath cells, and the isolated bundle sheath cells fix some CO2 (10) . In the original experiments on the C4-cycle, 10 to 12c% of the 14C appeared in PGA from 14CO2 fed to sugarcane leaves in the shortest times of exposure, 0.6 sec, to "4CO2 (21) . We also have found that crabgrass leaves, in a 5-sec exposure to "C02, fix about 15% of the 14C into PGA. From the present study on the internal leaf morphology, we have calculated from Figures 4C, 6 , C and D, and unpublished electron micrographs the surface area of mesophyll cells and bundle sheath cells which may be exposed to gases from the atmosphere. We assumed that bundle sheath cells are cylinder shaped and mesophyll cells are ellipsoids. We measured the cells in one dimension, assumed both cells are symmetrical, and calculated the respective surface areas. The exposed proportion of each cell type was estimated from observations on micrographs such as Figure 6 , C and D. Calculations in relative units indicated an exposed mesophyll cell surface area of 103 units and an exposed bundle sheath cell surface area of 12 units or about 10 of the total exposed cell surface area in the crabgrass leaf interior is bundle sheath cells. Assuming that both cells are equally permeable to C02, these calculations agree well with the data cited above on the products of atmospheric CO2 fixation by intact leaves.
Thus, we propose that in crabgrass both types of photosynthetic cells directly fix atmospheric CO2. This proposal does not exclude the operation of a transcarboxylation-type reaction as postulated by Hatch and Slack (15) , nor does it explain how the CO, fixed by PEP-carboxylase is reduced and stored as starch.
Plant Physiol. Vol. 47, 1971 We currently are investigating this problem and our experiments thus far suggest that the dicarboxylic acids act as traps for CO2 and the carbon reduction step in C4-cycle plants is the same as in pentose cycle plants.
